Abstract. The aim of this study was to evaluate the effect of biogas slurry inoculation on semi-dry anaerobic co-digestion of swine manure and rice straw, focusing on biogas production and kinetics. Biogas slurry from digested swine manure was applied as inoculum, and the effect was evaluated in batch reactors. The results indicated that biogas slurry inoculation could increase biogas yield by 3.00-7.05%, and improve biogas productivity by 7.48-8.17%, for per unit of TS. The digestion process fitted the single-stage first-order model well, and the reactors inoculated with biogas slurry exhibited faster in biogas production with the biogas production rate constant (k) increased by 39.90-50.96% compared to the control reactor.
Introduction
As one of the biggest agricultural countries, China produces more than 0.3 billion tons and 0.2 billion tons of animal manure and crop straw according to the statistical yearbook of China in 2010, and serious water and air pollution has been caused due to inappropriate disposal of animal manure and open burning of crop straw [1, 2] , in which, swine manure and rice straw are the major agricultural wastes [3] . Agricultural waste management has become one of the largest environmental concerns in the recent past in China, and anaerobic digestion has been considered the main commercially viable option for both agricultural waste treatment and energy/nutrition generation from 1980s [2, 4] .
Anaerobic digestion is a biological process wherein diverse group of microorganism convert the complex organic matter into a simple and stable end products in the absence of oxygen. This process is very attractive because it yields biogas, a mixture of methane (CH 4 ) and carbon dioxide (CO 2 ), which can be used as renewable energy resources [5] [6] [7] [8] . The anaerobic digestion process can be divided into wet (<10% TS), semi-dry (10-20% TS), and dry (>20% TS) digestion processes depending on the total solid (TS) concentration of the feedstock [9] . There are lots of studies about wet and dry digestions in the past several decades [10] , and semi-dry digestion is currently garnering attention, which is favorable in terms of less production of digester effluent requiring dewatering compared to wet digestion, and a low energy requirement mixing and pumping compared to dry digestion [4, 11, 12] .
Anaerobic digesters are mainly handled in batch mode or continuous plug-flow mode, demonstrating various limitations including large inoculation, mixing, and possibility of instability and difficulty in overcoming this instability [13] [14] . Inoculation phase is an important step affecting high-solid anaerobic digestion, and inoculums should contain active microbial communities, which are needed for anaerobic digestion [2, 15] . The digestates produced in anaerobic engineering projects have been sources for these inoculums [16] [17] [18] [19] [20] . Previous studies analyzed the effect of different inoculums on methane yield with different substrates, and some contradictory results were also obtained [21] [22] [23] . Few attempts have been tried to study the effect of biogas slurry from digested swine manure on the semi-dry anaerobic co-digestion using swine manure and rice straw as substrates.
Materials and methods
Substrate and inoculum. The swine manure (SM) was collected from a swine farm in Pudong District, Shanghai, China with a productivity of 8,000 heads per year, and the rice straw (RS) was sampled from a paddy field in Qingpu District, Shanghai, China. In the experiment, rice straw was milled to the size of 1-2 cm, and mixed with fresh swine manure thoroughly. The inoculum was biogas slurry obtained from a biogas production project in a swine farm in Chongming County, Shanghai, China. The characteristics of substrate and inoculum were listed in Table 1 . Experimental reactor. Schematic diagram of the experimental reactor is shown in Fig. 1 .The anaerobic digesters were 1-L glass bottles with working volume of 500 mL. Each bottle consisted of a gas sampling port and a feed inlet. It was sealed using a rubber stopper in which a pipe was used to exit biogas. The digester was connected to a gas collection system consisting of saturated brine (NaHCO 3 ) displacement bottle and a brine (NaHCO 3 ) gathering bottle. Prior to operation, the reactors were purged with nitrogen gas for 5 min to ensure anaerobic conditions. Thereafter, the digesters were placed in a water bath controlled at 35±1℃. Fig. 1 Experimental reactor for semi-dry anaerobic co-digestion of swine manure and rice straw Feedstock preparation. Three treatments and one control for semi-dry anaerobic co-digestion of swine manure and rice straw with biogas slurry inoculum at the total solid of around 15% were prepared: (a) CK (control reactor), 160 g swine manure, 40 g rice straw, 270 mL distilled water; (b) BS-1, 160 g swine manure, 40 g rice straw, 34 mL biogas slurry, 236 mL distilled water; (c) BS-2, 160 g swine manure, 40 g rice straw, 69 mL biogas slurry, 201 mL distilled water; (d) BS-1, 160 g swine manure, 40 g rice straw, 137 mL biogas slurry, 133 mL distilled water. The experimental design was shown in Table 2 . Analytical methods. Biogas production was measured by water displacement and methane concentration was measured by portable CH 4 detector (Shenzhen Keernuo Electronics Technology Co., Ltd., China). TS and VS were determined using standard methods [24] . pH was detected by a pH meter (SenION1 portable pH meter, HACH, USA) in a 1:5 (w/v) water-soluble extract. Besides, the yields and productivities of biogas and methane after about 60 days were calculated following Equation (1) and (2). (2) where, C yield is the biogas/methane yields (L kg -1 TS or VS-loaded); C prod is the biogas/methane productivity (L kg -1 TS or VS-reduced); P total is the total production amounts of biogas/methane (mL); S loaded is the loaded amounts of TS or VS in the reactor (g); S reduced is the reduced amounts of TS or VS in the reactor (g).
Statistical analysis. One-way ANOVA was performed to evaluate the data for any significant difference in terms of biogas and methane production and methane content. Biogas yield was calculated as the volume of biogas or methane production per unit weight of straw TS or VS loaded, and biogas productivity was referred to the volume of biogas or methane production per unit weight of straw TS or VS reduced. First-order kinetic models, the simplest models applied to one-or two-phase anaerobic digestion of complex substrates, have been successfully used to quantify the extent of process inhibition, assess the substrate availability, and discover the rate-limiting steps such as hydrolysis [21, 25, 26] . In this study, a first-order model was also used to compare the digestion performance of different reactors. The biogas or methane production rate constant (k) was obtained from the following Equation (3) using the data analysis and graphing software (Origin 8.5).
where, G (mL) is the cumulative biogas or methane production, G T (mL) is the total biogas production in the anaerobic co-digestion,
) is the first-order biogas production rate constant, and t (d) is the operation time, respectively.
Results and discussion
Daily biogas production. Fig. 2 shows the daily biogas production in the reactors of anaerobic co-digestion under different amounts of biogas slurry inoculation. The daily biogas production in all the reactors gradually increased from day 4 on, and reached the first peak on day 10, which was followed by a gradual decreasing tendency. Thereafter, the daily biogas production in the reactors with biogas slurry addition reached the second peaks on day 20, while the CK was on day 32. After 40 days' operation, the daily biogas production in all the reactors decreased from above 200 mL d . The daily biogas production in the BS-3 reactor exhibited the best performance from day 15 to day 30, and reached greater than 700 mL d -1 during day 19-24, while the daily biogas production in the BS-1 and BS-2 reactors also showed better performance than CK, and reached nearly 700 mL d -1 on day 20. The results indicate that biogas slurry inoculum is effective for the improvement of biogas production. After biogas slurry addition, the biogas production process was accelerated with earlier appearance of biogas production peaks. Fig. 2 Daily biogas production in the reactors during anaerobic co-digestion of swine manure with rice straw under different amounts of inoculum addition (CK: control without inoculum; BS-1, BS-2 and BS-3: reactors inoculated with biogas slurry at the proportions of 1.2%, 2.4% and 4.8% based on total solids of biogas slurry and substrate) Methane content. Fig. 3 shows the daily methane content in the reactors of anaerobic co-digestion under different amounts of biogas slurry inoculation. The methane contents in all the reactors gradually increased in the first 10 days, and reached more than 70%. Thereafter, the methane contents kept around 80% until the end of experiment. There was no significant difference among CK, BS-1, BS-2 and BS-3 (p<0.05), meaning that biogas slurry inoculation had no obvious influence on methane content during the anaerobic co-digestion of swine manure with rice straw. Fig. 3 Changes in methane content in the reactors during anaerobic co-digestion of swine manure with rice straw under different amounts of inoculum addition (CK: control without inoculum; BS-1, BS-2 and BS-3: reactors inoculated with biogas slurry at the proportions of 1.2%, 2.4% and 4.8% based on total solids of biogas slurry and substrate) Cumulative biogas production. Fig. 4 shows the cumulative biogas production in the reactors of anaerobic co-digestion under different amounts of biogas slurry inoculation. During day 20 to day 40, the cumulative biogas production was higher in the reactors with biogas slurry addition in comparison to the control, and the overall biogas production in all the reactors could reach more than 20 L. Compared to the CK, the biogas and methane yields were increased by 3.00-7.05% and 2.83-6.32% in the reactors after biogas slurry inoculation, with their biogas and methane productivity being improved by 7.48-8.17% and 6.75-8.45%, respectively for per unit of TS. As for per unit of VS, the biogas and methane yields were increased by 5.60-8.33% and 5.95-7.74%, with biogas and methane productivity being improved by 8.67-15.69% and 7.93-15.49%, respectively. Among the reactors with different amounts of biogas slurry inoculum, no significant difference was found on the biogas and methane yields and productivity (p<0.05), which indicated that a large amount of inoculum may have no remarkable effect on the overall biogas or methane yield and productivity, although biogas slurry inoculation could accelerate the progress of the whole anaerobic co-digestion.
According to the previous studies on theoretical methane yield of swine manure, the theoretical methane yield could reach more than 0.5 m VS [27] , and the biogas production could be increased by about 10% when crop straw was added [27, 28] . Besides, the selection of inoculum ratio was crucial as well as the anaerobic biodegradability of solid wastes. The selected inoculum source is reported to be responsible for achieving a rapid startup of balanced microbial population [21] . In case of anaerobic biodegradability of solid wastes, use of highly active anaerobic inoculum would reduce significantly the experimental time [29] . In this experiment, higher biogas yields and methane contents were obtained than other studies by using different raw materials including animal manures like swine manure, cattle manure and chicken manure, and crop straws like rice straw, wheat straw and switch grass [21, 26, 30] . The obtained methane yields (568.03-656.02 m Modelling and kinetics. For the purpose of understanding the biogasification process during anaerobic digestion, kinetic parameters are usually utilized to analyze the performance of biogas or methane production in the reactors. In this study, single-stage first order kinetic model was used to evaluate the anaerobic co-digestion of swine manure with rice straw under different amounts of biogas slurry inoculum and different pretreatment methods for rice straw. Table 4 and Fig. 5 show the characteristics of single-stage first order kinetic model for anaerobic co-digestion of swine manure with rice straw under different amounts of biogas slurry inoculum and different pretreatment methods for rice straw. In the reactors with different amounts of biogas slurry addition, the biogas production rate constants (k=0.0208-0.0314 d (2014) reported that the biogas production rate constants for dry anaerobic digestion of smooth cordgrass ranged from 0.022-0.052 after being pretreated by lime, hot-water or thermo-lime , which agrees with the single-stage first-order biogas production rate constants obtained in this study. Kafle and Kim (2013) obtained the biogas production rate constants ranging from 0.032-0.077 for anaerobic co-digestion of swine manure with apple waste, greater than the results in this study, most probably due to their lower TS (<5%) and more inoculum applied (VS substrate /VS inoculum =0.5-1.0).
For the single-stage first order kinetics of anaerobic digestion, Lei et al. (2010) achieved the biogas production rate constants in the first and second stages about 0.012-0.015 and 0.045-0.046, respectively for anaerobic digestion of rice straw and anaerobic sludge. Their constants were lower in the first stage and higher in the second stage than the results from this study, which implies that faster biogasification could be realized by using pretreated rice straw. Fig. 5 Comparison between experimental data and simulated results from the single-stage first-order models for anaerobic co-digestion of swine manure with rice straw under different amounts of inoculum addition (CK: control without inoculum; BS-1, BS-2 and BS-3: reactors inoculated with biogas slurry at the proportions of 1.2%, 2.4% and 4.8% based on total solids of biogas slurry and raw materials)
Conclusions
Biogas slurry inoculation increased biogas yield by 3.00-7.05%, and improved biogas productivity by 7.48-8.17%, for per unit of TS. The digestion process fitted the single-stage first-order model well, and the reactors inoculated with biogas slurry exhibited faster in biogas production with the biogas production rate constant (k) increased by 39.90-50.96% compared to the control reactor.
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